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/3-YbAIB4 is a heavy fermion superconductor that exhibits a quantum criticality without tuning 
at zero field and under ambient pressure. We have succeeded in substituting Fe for Al in /3-YbAlB4 
as well as the polymorphous compound a-YbAlB4, which in contrast has a heavy Fermi liquid 
ground state. Full structure determination by single crystal X-ray diffraction confirmed no change in 
crystal structure for both a- and /?-YbAlB4, in addition to volume contraction with Fe substitution. 
Our measurements of the magnetization and specific heat indicate that both a-YbAlo.93Feo.07B4 
and /3-YbAlo.94Feo.o6B4 exhibit a magnetic order, most likely of a canted antiferromagnetic type, 
at 7 ~ 9 K. The increase in the entropy as well as the decrease in the antiferromagnetic Weiss 
temperature with the Fe substitution in both systems indicates that the chemical pressure due to 
the Fe substitution suppresses the Kondo temperature and induces the magnetism. 

PACS numbers: 75.30.Mb, 75.40.Cx, 75.50.Ee 



I 

a 
o 
o 



4/-electron based heavy fermion systems have pro- 
vided prototypical systems to study interesting phenom- 
ena in the vicinity of quantum critical points, such as 
unconventional superconductivity and non-Fermi-liquid 
states [ll-Q- I'^ particular, much attention has been re- 
cently paid to unconventional quantum critical materials, 
such as CeCu6-xAu:r, YbRh2Si2, and /3-YbAlB4 (ill, 
that exhibit novel types of quantum criticality beyond 
the standard spin-density- wave description 0, Q . 

The Yb-based heavy fermion system, YbAlB4, has 
two polymorphs with different structures: nonccntrosym- 
metric a- Yb AIB4 and ccntrosymmctric /?- YbAlB4 [6|, |9[ . 
/3-YbAlB4 is the first example of an Yb-based heavy 
fermion superconductor with the transition temperature 
Tc of 80 mK Moreover, it is a unique example of 

a metal that exhibits a quantum criticality without tun- 
ing of any control parameters 0, [llj . Strong sensitivity 
of the non-Fermi-liquid behavior to the magnetic field, 
in particular, the T/ B scaling of the magnetization indi- 
cate that the quantum critical point of /3-YbAlB4 should 
be located exactly at zero field under ambient pressure 
[m . On the other hand, low temperature behavior of a- 
YbAlB4 is well fit to a Fermi liquid type description and 
forms a heavy Fermi liquid state with the specific heat 
coefficient 7 ^ 130 mJ/mol below around T* ^ 8 K. 

Up to date, all the 4/-electron based quantum critical 
materials have the valence close to the integer, providing 
good evidence that these systems can be well described 
by the Kondo lattice model In sharp contrast, both 

polymorphs of YbAlB4 are found to be valence fluctuat- 
ing systems with a strongly intermediate valence, such 
as Yb^ '^^-H foj. c^_YbAlB4 and Yh'^ '^^+ for /3-YbAlB4 at 
20 K [l2|. Strong hybridization has been confirmed by 



Kondo lattice behaviors in the low energy thermodynam- 
ics at low temperatures below the characteristic temper- 
ature T* of 8 K 11, 141 and exhibit local moment be- 



the itinerant /-electron character found in the quantum 
oscillation study of the Fermi surface of /3- Yb AIB4 [l^ . 

Interestingly, however, both a- and /3-YbAlB4 show 



havior of Yb^+ state in the temperature dependence of 
the susceptibility and in the electron spin resonance spec- 
tra, particularly for the j3 phase below T* [l^. Recent 
Hall resistivity measurements for /3-YbAlB4 revealed a 
peak at 40 K, indicating that the coherence appears at 
a much lower temperature than expected for a strongly 
intermediate valence stateflij. 

In order to understand the origin of the quantum crit- 
icality found under ambient condition for /3-YbAlB4 as 
well as the unusual Kondo lattice behaviour in the va- 
lence fluctuation states found in both a and /? phases, 
it is highly important to reveal the nature of magnetic 
instability existing nearby the quantum criticality and 
heavy fermion state. Here, we report our discovery that 
Fe substitution for Al site causes antiferromagnetic or- 
der in both phases of YbAlB4. Adopting the chemical 
substitution as a control parameter, we have succeeded 
in substituting Fe for Al, and discovered that a small Fe 
substitution of around 5 ^ 7% is enough to induce an 
antiferromagnetic order at 7 ^ 9 K in both a- and /3- 
phases of YbAlB4. Our high precision determination of 
the crystal structure indicates no change in the crystal 
structure by Fe substitution or by temperature sweep at 
least down to 100 K. The results of the low tempera- 
ture susceptibility and specific heat measurements show 
much stronger temperature dependence than in the pure 
YbAlB4, indicating that the chemical pressure induced 
by Fe substitution reduces the Kondo temperature and 
thereby induces magnetic order. 

We have succeeded in growing single crystals 
of a-YbAlo.93Feo.07B4, ^-YbAlo.97Feo.o3B4, /?- 
YbAlo.95Feo.05B4, and /3-YbAlo.94Feo.o6B4 using 
the Al flux growth technique. We have also grown 
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TABLE I. Crystallographic Data for a-YbAlo.93Feo.07B4, /3-YbAlo.g7Feo.o3B4 and /3-YbAlo.95Feo.o5B4 at 295(3) and 100(1) K 



Formula 



Q-YbAIo.93Feo.07B4 



/3-YbAlo.97Feo.o3B4 



/3-YbAlo.95Feo.05B4 



Temperature (K) 
Space group 
a (A) 
fe(A) 

c(A) 
V (A3) 
z 

Crystal dimensions (mm^) 
Density (g cm"'') 
e Range (°) 
(mm^"') 



295(3) 
P6am 
5.9184(6) 
11.4645(15) 
3.4832(6) 
236.34(6) 
4 

0.07 X 0. 
6.894 
3.55-31.01 
39.918 
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100(1) 
P6am 
5.9167(6) 
11.4602(15) 
3.4780(4) 
235.83(4) 
4 

X 0.17 

6.904 
3.56-30.97 
39.972 



295(3) 
Cmmm 
7.3060(9) 
9.3180(12) 
3.4970(3) 
238.07(5) 
4 

0.01 X 
6.787 
3.54-30.92 
39.242 



100(1) 
Cmmm 
7.3010(12) 
9.3130(12) 
3.4890(3) 
237.23(5) 
4 

,07 X 0.07 
6.811 
3.54-30.99 
39.380 



295(3) 

Cmmm 
7.3020(12) 
9.3180(12) 
3.4920(6) 
237.60(6) 
4 

0.01 X 0, 
6.801 
3.54-30.96 
39.320 
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100(1) 
Cmmm 
7.3010(12) 
9.3130(12) 
3.4850(6) 
236.96(6) 
4 

X 0.07 
6.819 

3.55-30.90 
39.425 



Data Collection and Refinement 



Collected reflections 
Unique reflections 

flint 

h 
k 
I 

Apmax (e A-3) 

Apmin (e A-3) 

GoF 

Extinction coefflcient 
"RiiF) for Fo' > 2a{Fo') 
^ Rw{Fo^) 



3650 
433 
0.0179 

-8 < /i 
-16 < k 
-5 < / < 5 
3.068 
-1.862 
1.149 
0.0121(10) 
0.0209 
0.0553 



4178 
426 
0.0155 

< 8 

< 16 

-4 < ? < 5 
2.999 
-1.768 
1.294 
0.0119(10) 
0.0237 
0.0603 



2160 
244 
0.0133 



-13 
-5 

2.611 
-2.607 

1.149 
0.0166(11) 
0.0177 
0.0459 



2252 
244 
0.0128 
10 < /i < 10 

< < 13 

< Z < 5 

2.474 
-2.758 
1.159 

0.0144(10) 
0.0186 
0.0462 



2251 
244 
0.0234 

-IQ <h< 
-13 < fc < 
-4 < / < 

5.223 
-4.680 

1.183 
0.018(3) 
0.0388 
0.1016 



2598 

243 
0.0203 
10 
13 
5 

4.764 
-3.777 

1.159 
0.014(3) 
0.0424 
0.1116 



''Ri = T.\\Fo\-\F^\\/T.\Fa\ 

^wRi = \Y.w{Fa^ - Fa^f]^'^-P = (_Fo^ + 2_Fc 
l/la^ipj) + (0.0334P)^ -I-0.8817P], w = 1/[<t^(-Fc 
for a-YbAlo.93Feo.07B4, /3-YbAlo.97Feo.o3B4 and 



)/3; w = 1/[(t\_Fo^) + (0.0261P)^ + 3.2341P], w = 1/[(T^(-Fo 
^) + (0.0318P)^ -I- 2.0681P], w = l/[(T^(Po^) + (0.0852P)^1, an 
-YbAlo.95Feo.05B4 at 295 K and 100 K, respectively 



) -I- (0.0258P)^ -I- 4.5691P], w = 
d w = l/[o-^(Po^) + (0.0968P)^] 



single crystals of a Lu-analog, Q!-LuAlo.79Feo.2iB4, 
and /3-LuAlo.96Feo.o4B4. The temperature and field 
dependence of the magnetization was measured us- 
ing the commercial SQUID magnetometer (MPMS, 
Quantum Design). The temperature dependence of 
the specific heat Cp was measured using a relaxation 
method. The entropy was estimated by integrating 
Cp/T over temperature from the lowest temperature 
0.4 K of the measurement. The Fe concentration for 
a-YbAlo.93Feo.07B4 was estimated using inductively 
coupled plasma (ICP) spectroscopy within the resolution 
of 0.3%, and for /3-YbAli_^Fe:,B4, a-LuAlo.79Feo.21B4, 
and /3-LuAlo.96Feo.o4B4 by energy dispersive X-ray 
analysis (EDX) within the resolution of 3%. We also 
utilized the ICP method for some of /3-YbAli_a;Fea;B4 
samples and confirmed the Fe concentration within 
1 % difference from the EDX results. For example, 
a single crystal of /3-YbAli_2;Fea;B4 is found to have 
X = 0.03 by EDX, and x = 0.02 by ICP, respectively. 
Hereafter, we use 2;(Fe) determined by EDX method for 
all the samples of /3-YbAli_2;Fe3;B4 and ICP results for 
a-YbAli_^Fe^B4. 

The single crystal X-ray diffraction experiments were 



collected using a Nonius Kappa CCD diffractometer 
equipped with a Mo source (A = 0.711 A) at room 
temperature, 295(3) K, and at 100(1) K. Direct meth- 
ods using SIR97 jl7| was performed to obtain an initial 
structural model which was then refined using SHELXL- 
97 [iSj. Crystallographic data and atomic coordinates 
for a-YbAli_^Fe^B4 {x = 0.07) and /3-YbAli_^Fe^B4 
[x ~ 0.03, 0.05) can be found in Tables 1-4. In compari- 
son with the undoped analogue, the results clearly show 
a volume contraction of ~ 0.8% for a-YbAlo.93Feo.07B4, 
- 0.02% for /3-YbAlo.97Feo.o3B4, and of ~ 0.2% for (i- 
YbAlo.95Feo.05B4, indicating that the Fe doping applies 
a chemical pressure. 

Table 2 shows the atomic coordinates for a- 
YbAli_2,Fe3;B4 {x = 0.07). When the Fe substitution 
was not accounted for, the Al site (4^) had an anoma- 
lously small atomic displacement parameter as compared 
to the undoped a-YbAlB4. Therefore, the Fe was par- 
tially substituted on the Al site and the occupancies of 
the two elements were freely refined. This resulted in 
a mixed occupancy of 7.1(15)% Fe and 92.9(15)% Al at 
295(3) K and is in good agreement with the composition 
as obtained from the elemental analysis using the ICP 
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ABLE II. Atomic 


Coordinates and Displacement Parameters for 


a-YbiAli_,Fe,B4 


{x = 0.07) at 295(3) and 100(1) 


Atom 


Wyckoff site 


X 




z 




Occ. 


295(3) K 














Ybl 




0.12859(5) 


0.15052(3) 





0.00344(17) 


1 


All 




0.1365(4) 


0.4109(2) 





0.0042(8) 


0.929(15) 


Fel 


43 


0.1365(4) 


0.4109(2) 





0.0042(8) 


0.071(15) 


Bl 


4/i 


0.2921(16) 


0.3135(8) 


1/2 


0.0056(16) 


1 


B2 


4h 


0.3654(15) 


0.4695(8) 


1/2 


0.0054(16) 


1 


B3 


Ah 


0.3850(16) 


0.0479(8) 


1/2 


0.0063(15) 


1 


B4 


Ah 


0.4725(16) 


0.1939(8) 


1/2 


0.0042(16) 


1 


100(1) K 














Ybl 


45 


0.12862(6) 


0.15052(3) 





0.00166(19) 


1 


All 


45 


0.1361(4) 


0.4109(2) 





0.0023(9) 


0.935(17) 


Fel 


4ff 


0.1361(4) 


0.4109(2) 





0.0023(9) 


0.065(17) 


Bl 


4/i 


0.2915(19) 


0.3138(9) 


1/2 


0.0047(18) 


1 


B2 


4h 


0.3651(17) 


0.4686(8) 


1/2 


0.0032(17) 


1 


B3 


Ah 


0.3875(17) 


0.0482(9) 


1/2 


0.0023(16) 


1 


B4 


Ah 


0.4751(18) 


0.1929(9) 


1/2 


0.0037(18) 


1 



°' U is defined as one-third of the traee of the orthogonaUzed U ij tensor. 



TABLE III. Atomic Coordinates and Displacement Parameters for l3-YhAh-^Fe^'B4 {x = 0.03'') at 295(3) and 100(1) K 



Atom 


Wyckoff site 


X 


y 


z 




Occ. 


295(3) K 














Ybl 


Ai 





0.30065(3) 





0.00388(19) 


1 


All 


43 


0.1808(3) 








0.0042(8) 


0.987(15) 


Fel 


43 


0.1808(3) 








0.0042(8) 


0.013(15) 


Bl 


Ah 


0.1219(13) 


1/2 


1/2 


0.0050(13) 


1 


B2 


8q 


0.2226(8) 


0.1594(14) 


1/2 


0.0061(10) 


1 


B3 


4j 





0.0922(9) 


1/2 


0.0044(13) 


1 


100(1) K 














Ybl 


Ai 





0.30066(3) 





0.00260(19) 


1 


All 


43 


0.1810(3) 








0.0031(8) 


0.996(15) 


Fel 


43 


0.1810(3) 








0.0031(8) 


0.004(15) 


Bl 


Ah 


0.1215(13) 


1/2 


1/2 


0.0046(14) 


1 


B2 


8q 


0.2224(8) 


0.1596(8) 


1/2 


0.0046(10) 


1 


B3 


4j 





0.0921(9) 


1/2 


0.0043(14) 


1 



X — 0.03(2) is estimated by EDX method, while ICP yields x — 0.02(1) with better accuracy, close to thea above Fe occupancy 



obtained from the structural analysis. 
C/eq is defined as one-third of the trace of the orthogonalized U ij tensor. 

TABLE IV. Atomic Coordinates and Displacement Parameters for l3-YhAh-^Fe^B4 {x = 0.05) at 295(3) and 100(1) K 



Atom 


Wyckoff site 


X 


y 


z 




Occ. 


295(3) K 














Ybl 


Ai 





0.30070(4) 





0.0054(4) 


1 


All 


43 


0.1799(6) 








0.0049(8) 


1 


Bl 


Ah 


0.122(3) 


1/2 


1/2 


0.005(2) 


1 


B2 


8q 


0.2225(12) 


0.1607(15) 


1/2 


0.0067(17) 


1 


B3 


4j 





0.0917(15) 


1/2 


0.006(2) 


1 


100(1) K 














Ybl 


Ai 





0.30072(5) 





0.0042(4) 


1 


All 


43 


0.1802(6) 








0.0031(8) 


1 


Bl 


Ah 


0.124(3) 


1/2 


1/2 


0.009(3) 


1 


B2 


8q 


0.2227(15) 


0.1598(18) 


1/2 


0.009(2) 


1 


B3 


4j 





0.0913(12) 


1/2 


0.004(3) 


1 



Ucq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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method. Furthermore, no evidence for a structural tran- 
sition was observed with substitution, and likewise, no 
structural transition was observed for any Fe concentra- 
tion upon cooling from room temperature down to 100(1) 
K. 

Tables 3 and 4 provide atomic coordinates for (3- 
YhMi-^Ye^Bi {x = 0.03,0.05). When the Fc sub- 
stitution was not included in the model, the Al site 
(4^) had a similar atomic displacement parameter to 
the Yb site (4z) suggesting that the Fe occupies the Al 
site. For /3-YbAlo.97Feo.o3B4, Fe was partially substi- 
tuted onto the Al site and the occupancies were freely 
refined. The resulting site occupancy was 1.3(15)% 
Fe and 98.7(15)% Al at 295(3) K. This is in agree- 
ment with the ICP data which indicated the stoichiom- 
etry to be /3-YbAlo.98Feo.o2B4. While the atomic dis- 
placement parameters also suggested that the Fe oc- 
cupied the Al site in /3-YbAlo.g5Feo.o5B4, no Fe could 
be refined onto this site, or any other site, for the 
model. The inability to model the Fe doping in /3- 
YbAlo.95Feo.05B4 can be attributed to the lower qual- 
ity diffraction data for this analogue compared to the 
other analogues. /3-YbAlo.95Feo.o5B4 grew as thin plates 
whereas /3-YbAlo.97Feo.o3B4 grew as thick plates and a- 
YbAlo.93Feo.07B4 grew as rods. The thinner plates for 
/3-YbAlo.95Feo.o5B4 led to lower quality X-ray diffraction 
data which is apparent in both the increased Ri and 
residual electron densities for this analogue. Due to the 
increased ^Pmin/max, the Fe substitution could not be 
modeled. As with Q;-YbAli_a;Fea;B4, no structural tran- 
sition was observed in /3-YbAli_j.Fe3;B4 upon doping or 
coohng from 298 K down to 100 K. 

Single crystal X-ray diffraction data was also collected 
on a sample of /3-YbAli_a:Fea;B4 [x = 0.06). Although 
the mosaicity of the single crystal was suitable for data 
collection at 295(3) K, upon cooling in 50 K intervals 
down to 100(1) K, a continuous decrease in crystal qual- 
ity, indicated by increased x^s and mosaicity, was ob- 
served. For example, the mosaicity of the crystal in- 
creased from 0.45 degrees at 295(3) K to 0.87 degrees at 
100(1) K. When the crystal was warmed back to room 
temperature, the crystal quality returned to its original 
state. Diffraction data of /3-YbAli_2;Fe^B4 {x ~ 0.06) 
was collected at both 295(3) K and 100(1) K and no 
evidence for a structural transition was observed. In a- 
YbAli_:^Fe:rB4 {x = 0.07) and ;3-YbAli_:rFe^B4 {x = 
0.03,0.05), on the other hand, the degradation of crys- 
tal quality on cooling was not observed. Our synthesis 
experiments suggest that the concentration x = 0.06 is 
close to the edge of the stability of the Fe doped /3-phase, 
and this may be the origin of the increase in the mosaicity 
on cooling. The cause of this decrease in crystal quality 
is currently being explored and will be the subject of a 
future manuscript. 

Figures 1(a) and (b) show the temperature dependence 
of the susceptibility x = M/ H for both a-YbAli_a;Fea;B4 



and /3-YbAli_a;Fea;B4, respectively. The susceptibility 
for both systems is clearly Ising like. Namely, the c-axis 
susceptibility is strongly temperature dependent, while 
the afe-planc component is nearly temperature indepen- 
dent with a small value of ^ 0.005 emu/mol. The c-axis 
component for Q!-YbAlB4 exhibits no anomaly down to 
2 K, and start leveling off below T* = 8 K, indicating 
the onset of the Fermi liquid ground state [ill, [3l ■ In 
contrast, the c-axis susceptibility for /3-YbAlB4 exhibits 
divergent behavior on coolin g, r eflecting the unconven- 
tional quantum criticality [6l.lll|. With doping of Fe by 
3%, the c-axis susceptibility for /3-YbAlo.97Feo.o3B4 ex- 
hibits a weaker temperature dependence with a smaller 
value than the pure case below ^ 20 K, while it com- 
pletely overlaps that for the pure /3-YbAlB4 at T > 20 
K. In contrast, no change was found in the a6-plane com- 
ponent by doping of Fe by 3% for the (3 phase (Fig. 1(b)). 

With further substitution of Fe at the Al site, however, 
both a-YbAlo.93Feo.07B4 and /3-YbAlo.94Fco.o6B4 exhibit 
a weak kink in the temperature dependence of the c-axis 
susceptibility at 7.5(5) K and 9.5(5) K, respectively and 
bifurcate into different curves for zero-field cooled and 
field cooled sequences. More clear anomaly and hystere- 
sis was found in the temperature dependence of the ab- 
plane susceptibility, suggesting the ferromagnetic compo- 
nent lies in the a6-plane. The insets of Figures 1(a) and 
(b) show the field dependence of the magnetization of a- 
YbAlo.93Fco.07B4 and /3-YbAlo.94Feo.o6B4 under a field 
along a6-plane at 2 K. For each measurement, the sam- 
ple was first cooled down to 2 K from the paramagnetic 
state under zero field. Then, the field was increased up to 
7 T and decreased back to zero to obtain a magnetization 
curve. Each sample shows an almost linear magnetic field 
dependence of the magnetization and no hysteresis was 
found within experimental resolution of 1 x lO^^/xe/Yb, 
which places the upper bound for the ferromagnetic com- 
ponent along a5-planc. Both linear magnetization curve 
and the small size of the spontaneous moment point to a 
canted antiferromagnetism. On the other hand, the tem- 
perature dependence of the susceptibility for the Lu ana- 
log a-LuAlo.79Feo.21B4 and a-LuAlo.96Fco.04B4 shown in 
Figs. 1(a) and (b) shows diamagnetism with a small neg- 
ative value in between —1 x 10""^ to —3 x 10~^ emu/mol, 
indicating that Fe ion is non-magnetic and thus it is 4/ 
moments of Yb ion that form the magnetic order in both 
a-YbAlo.93Feo.07B4 and /3-YbAlo.94Feo.o6B4. 

Figure 2 presents the temperature dependence of the 
specific heat divided by temperature Cp/T at T. Both 
pure phases show paramagnetic behavior down to the 
lowest temperatures. Namely, Cp/T for a-YbAlB4 grad- 
ually increases on cooling and saturates to a large value 
of around 130 mJ/mol K^, indicating the formation of a 
heavy Fermi liquid state [ill El. Cp/T for /3-YbAlB4 
shows a logarithmic divergence , consistent with the non- 
Fermi liquid ground state [^, [ll| . 

On the other hand, the doping of Fc induces the 



5 



0.025 



0.02 - 



o 
E 

E 

03 



0.015 



0.01 - 



0.005 




o 
E 

E 

i 



0.025 



0.02 



0.015 



0.01 



0.005 



B-YbAI Fe B 

^ 1-X X 



FC . . , 



x=0 

B//C 

X = 0.03 

e// c 



FC ■ 



x=0.06 

Bll ab 



ZFC— ^ 




x=0 x=0.03 

Bll ab B II ab 



p-LuAl Fe B Bllc 

^ 0.96 0.04 4 



10 



100 



T(K) 



r(K) 



FIG. 1. (a) Temperature dependence of the afo-plane and c-axis susceptibility of a-YbAlB4 (open circle), a-YbAlo.93Feo.07B4 
(closed circle) measured under a field of 10 mT, and of Q-LuAlo.79Feo.21B4 (open triangle) under 1 T. (b) Temperature 
dependence of the a6-plane and c-axis susceptibility of /3-YbAlB4 (open square), /3-YbAlo.97Feo.o3B4 (closed triangle) and /3- 
YbAlo.94Feo.06B4 (closed square) measured under a field of 10 mT, and of /3-LuAlo.96Feo.o4B4 under 1 T. For all measurements, 
both zero-field-cooling and field-cooling sequences are employed. The inset of each panel shows the magnetic field dependence 
of the magnetization M of a-YbAlo.93Feo.07B4 and /3-YbAlo.94Feo.o6B4 under a field up to 7 T along ab plane at 2 K. 
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FIG. 2. Temperature dependence of (a) the specific heat divided by temperature Cp/T and (b) the entropy of a-YbAlB4 
(open circle), a-YbAlo.93Feo.07B4 (closed circle), /3-YbAlB4 (open square), /3-YbAlo.94Feo.o6B4 (closed square), and 13- 
YbAlo.95Feo.05B4 (closed triangle). The panel (a) inset is the temperature dependence of Cp/T near the transition tem- 
perature under T (closed circle for a-YbAlo.93Feo.07B4 and closed square for /3-YbAlo.94Feo.o6B4) and 9 T (open circle for 
a-YbAlo.93Feo.07B4 and open square for /3-YbAlo.94Feo.o6B4) along c-axis. 



anomalies in Cp/T due to the magnetic transitions; a- 
YbAlo.93Feo.07B4 exhibits a peak at 6.7(3) K and (3- 
YbAlo.95Feo.05B4 and /3-YbAlo.94Feo.o6B4 show a shoul- 
der like anomaly at 8.3 K. Given the tails of the anoma- 
lies with a temperature width of 1 K, these confirm 
the bulk nature of the magnetic transition inferred from 
the above susceptibility measurements. The inset of Fig. 
2 presents the temperature dependence of Cp/T under 
fields of T and 9 T along the c-axis. The application of a 
magnetic field of 9 T slightly decreases the peak temper- 
ature of Cp/T by ~ 0.5 K, indicating that the magnetic 



ordered state is not ferromagnetic but antiferromagnetic. 
On further cooling, all the doped samples show an addi- 
tional anomaly at around 3 K, suggesting another mag- 
netic transition, which is not seen in the temperature de- 
pendence of the susceptibility. For /3-YbAli_j;Fcj;B4, the 
fact that both low and high temperature anomalies ap- 
pear at nearly the same temperatures for both x — 0.05 
and 0.06 indicates that both transitions are intrinsic and 
not due to the mosaicity found for x = 0.06. One possi- 
ble origin of the low temperature anomaly is the change 
of the magnetic structure. Further microscopic studies 
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such as neutron diffraction and nuclear magnetic reso- 
nance measurements arc necessary to determine tlie spin 
structure. 

In order to gain tlie insiglit of tlie origin of the magnetic 
order induced by Fe substitution, we made the Curic- 
Wciss (CW) analysis for the susceptibility. For both pure 
a- and /3-phases as well as /3-YbAlo.97Feo.o3B4, the sus- 
ceptibility above 20 K collapses on top of each other and 
the CW fitting at T > 150 K yields the effective moment 
PeS of 2.2(2) hb and the antiferromagnetic (AFM) Weiss 
temperature Ow of 110(5) K [III, [13. On the other hand, 
the same fitting at T > 150 K for a-YbAlo.93Feo.07B4 and 
/3-YbAlo.94Feo.o6B4 respectively yields Poff = 2.44 /.jb and 
AFM Gw = 60 K, and Pcff = 2.2(2) hb and AFM Ow 
= 80 K. The analyses indicate that the Fe substitution 
reduces the Weiss temperature by 30 ~ 40%. This sug- 
gests that the Kondo temperature, which is estimated to 
be - 200 K for both pure a and /3 phases [1, [HI, [3], 
becomes significantly suppressed by Fe doping. This is 
consistent with the chemical pressure effect inferred from 
the crystal structure analysis, as the pressure normally 
renders the Yb system more magnetic. 

Correspondingly, the entropy for both phases esti- 
mated by integrating Cp/T from the lowest T = 0.4 K 
(Fig. 2(b)) indicates a substantial increase at 20 K with 
the Fe substitution of 6 7 %. In both pure systems, 
the ground state of the crystal electric field scheme is 
known to have a Kramers doublet, which is most likely 
separated by more than 100 K from the exited doublet 
state ll9[. Assuming that the gap scale stays the 
same by Fe doping, we may conclude that the increase 
of the entropy at 20 K indicates again the suppression of 
the Kondo temperature. Moreover, even at the magnetic 
transition temperatures 9 K, the entropy of both a- 
YbAlo.93Feo.07B4 and /3-YbAlo.94Feo.o6B4 is larger than 
the pure systems by ^ 0.3 mJ/mol-K. This value is too 
large for a pure ferromagnetic transition given the spon- 
taneous moment < O.OOl/ie/Yb estimated by the mag- 
netization measurement. This also provides another ev- 
idence that the observed hysteresis is due to a canted 
antiferromagnetism, not by a simple ferromagnetism. 

To summarize, we found that the Fe substitution at Al 
site induces a magnetic order, most likely a canted an- 
tiferromagnetic type due to 4/ electrons, by suppressing 
the Kondo temperature. The crystal structure analysis 
indicates that the Fe substitution decreases the volume 
without having any structural transition. Combined, 
the magnetic order is induced in both Q;-YbAlB4 and 
/3-YbAlB4 because of the chemical pressure applied by 
the Fe substitution and thus indicates the proximity to 
a magnetic instability for both phases of YbAlB4 at am- 
bient pressure. The detailed study for the ground state 
evolution from pure a- and /3-YbAlB4 with more fine 
steps of Fe doping is necessary to clarify how a magnetic 
quantum criticality emerges and develops with doping 
Fe in both a- and /3-phascs. It is also an interesting fu- 



ture issue how a putative magnetic quantum criticality 
induced by the Fe substitution is related with the un- 
conventional quantum criticality observed in the heavy 
fermion superconductor /3-YbAlB4. 
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